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AND EXPERIMENTAL TESTS WITH DALECHAMPIA VINES 
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Abstract.-Mapping resin secretion and pollination ecology onto the estimated phylogeny of 
species of the euphorb vine Dalechampia generated two historical hypotheses: resin rewards 
offered to pollinators by Dalechampia flowers evolved by minor modification fa preexisting, 
resin-based, floral defense system, and resin defense of leaves in advanced species evolved by 
modification fthe preexisting resin-reward system. From these hypotheses, we derived two 
predictions: floral reward resins are chemically similar to putative floral defense resins and 
exhibit antiherbivore activities, and foliar resins are chemically similar to reward resins and 
also exhibit antiherbivore activities. We tested these predictions by chemical analyses and by 
using a broad sample of Neotropical herbivorous insects in a series of bioassays. All floral and 
foliar esins were chemically similar. Tests with two generalist (Orophus tesselatus, Orthoptera: 
Tettigoniidae; Atta colombica, Hymenoptera: Formicidae) and four Dalechampia-specialist her- 
bivores (Syphraea sp., Coleoptera: Chrysomelidae; Ectima rectifasciata, Hamadryas ipthime, 
and Hamadryas amphinome, Lepidoptera: Nymphalidae) showed floral and foliar esin to deter 
significantly feeding or leaf cutting. These results support our two hypotheses and indicate 
that, in this system, biochemical exaptations have played a major role in the evolution of 
plant-insect relationships, adaptations reducing herbivory have affected the evolution of plant- 
pollinator elationships, and adaptations for pollination have affected the evolution of plant- 
herbivore relationships. 
Mutualisms and antagonisms between plants and animals play major roles in 
the function of biological communities (Gilbert and Raven 1975; Gilbert 1980; 
Thompson 1982; Futuyma nd Slatkin 1983; Strong et al. 1984; Boucher 1985). 
While the short-term ecological dynamics of plant-animal interactions have been 
reasonably well studied in a number of systems, we know relatively little about 
how these relationships originate and evolve (Thompson 1982, 1994; Futuyma 
1983; Schemske 1983; Boucher 1985; Mitter et al. 1988; Farrell et al. 1992; Farrell 
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and Mitter 1994). For example, how do completely new mutualistic or antagonis- 
tic interactions come into existence? What constrains the evolution of interactions 
among species? Do evolutionary responses of a population to one set of inter- 
acting organisms (e.g., herbivores) affect interactions with other organisms (e.g., 
pollinators)? 
Integration of modern phylogenetic methods with ecological data is allowing 
these questions to be addressed from a long-term evolutionary perspective, 
through the generation of explicit historical hypotheses (see Mitter et al. 1988; 
Brooks and McLennan 1991; Harvey and Pagel 1991; Armbruster 1992; Farrell 
et al. 1992; Farrell and Mitter 1994; Thompson 1994). However, the historical 
hypotheses have only rarely been tested with independent data or experiments 
(see Armbruster 1993; Pellmyr and Huth 1994; Pellmyr et al. 1996). In the present 
study, we synthesized phylogenetic and ecological information togenerate histor- 
ical hypotheses about the evolutionary relationship between plant pollination and 
antiherbivore d fense systems. We then devised several ecological experiments 
to test these hypotheses. 
EVOLUTION OF PLANT-ANIMAL RELATIONSHIPS 
The interactions between plants and other organisms are commonly mediated 
by plant secondary chemistry. Two features indicate that chemically mediated 
interactions may evolve rapidly. First, organisms often have highly specific re- 
sponses to compounds, and minor structural changes in a compound may result 
in major changes in biological activity (e.g., Dodson et al. 1969; Farentinos et al. 
1981; Reichardt et al. 1984; Bryant et al. 1992). Second, a single plant compound 
may affect more than one interacting species (e.g., Clausen et al. 1986; Pellmyr 
and Thien 1986; Bryant et al. 1991), and the evolution of plant secondary chemis- 
try may be influenced by simultaneous interactions with different functional 
groups of organisms (e.g., pathogens vs. herbivores vs. mutualists). 
While the role of secondary compounds in plant defense (see review in Rosen- 
thal and Berenbaum 1992) might appear unrelated to a role in attracting mutualists 
(see review in Simpson and Neff 1981), chemical similarities indicate that these 
two roles may sometimes be linked. For example, 1, 8-cineole, a monoterpene, 
is a strong deterrent to snowshoe hares and apparently functions as a defense 
compound in balsam poplars (Populus balsamifera) in Alaska (Mattes et al. 1987; 
Reichardt et al. 1990). The same compound is secreted by tropical orchids and 
serves as an attractant and reward to pollinating male-euglossine bees (Dodson 
et al. 1969). Thus, the possibility exists that a single compound or mixture of 
compounds in a plant could simultaneously, orsequentially (in developmental or 
evolutionary time), play several very different ecological roles. Pellmyr and Thien 
(1986) pointed out that many fragrances that attract pollinators to flowers are 
biochemically similar to compounds that deter herbivores, and the same or similar 
compounds may play the role of attraction in the flowers and deterrence in the 
leaves. If this is common, relatively small genetic changes could cause rapid 
shifts in ecological relationships between plants and their mutualists and antago- 
nists. This raises some interesting questions. Do complex plant-animal interac- 
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tions necessarily reflect a long history of coevolution, as has often been thought? 
Or are ecological relationships between plants and animals often evolutionarily 
labile, changing rapidly in response to subtle selective pressures or stochastic 
events (see Pellmyr and Thompson 1992)? Are biochemical exaptations (sensu 
Gould and Vrba 1982; i.e., preadaptations) important, and can new relationships 
evolve suddenly in species with preaptations in place? Do plant relationships 
with herbivores influence the evolution of plant-pollinator interactions and vice 
versa? 
EVOLUTION OF EUPHORB VINES 
To begin addressing these questions, we investigated the chemical ecology of 
a model plant-animal system: species of the tropical plant genus Dalechampia 
(Euphorbiaceae) and their mutualists and antagonists. Most species of Dalecham- 
pia offer an unusual reward to pollinators: terpenoid resins. The resin is secreted 
by blossom glands and is collected by pollinating bees for use in nest construction 
(Armbruster 1984, 1986, 1988). This reward system has been observed in only 
one other genus (Clusia, Clusiaceae; Armbruster 1984). How did such an unusual 
mutualism arise? The widespread role of resin as a defense system in other plants 
and phylogenetic studies (see below) indicates that resin secretion may have 
originated in Dalechampia as a defense system and secondarily assumed a reward 
function after esin-collecting bees began visiting the flowers incidentally to steal 
resin (Armbruster 1984, 1993). 
If this hypothesis i  correct, the initial functional shift from a resin defense to 
a resin reward required little or no genetic change. Yet the resin reward repre- 
sented a novel mutualistic relationship with resin-collecting bees, led to a radical 
shift in the nature of pollination of Dalechampia, and appears to have affected 
the course of evolution of most of this large and widespread genus (about 100 of 
the 120 extant species are pollinated by resin-collecting bees; Pax and Hoffmann 
1919; Armbruster 1984, 1988; Webster and Armbruster 1991). Thus an ecological 
coincidence may have resulted ultimately in a major change in the subsequent 
evolution and ecology of this group of plants. 
STUDY SYSTEM 
Dalechampia (Euphorbiaceae) is a genus of about 120 tropical, mostly viny 
species. It has a nearly pantropical distribution, although the greatest diversity 
(ca. 90 spp.) is found in the Neotropics (Webster and Armbruster 1991). 
Pollination by Resin-Collecting Bees 
Several hundred species of vines and shrubs (Dalechampia) and of trees and 
epiphytes (Clusia) produce terpenoid resins as rewards for pollinators (Armbrus- 
ter 1984). These plants occur in most lowland tropical regions of the world. 
Species offering resin rewards are pollinated by female euglossine (Apidae), fe- 
male anthidiine (Megachilidae), or worker meliponine (Apidae) bees that collect 
floral resins for use in nest construction (Skutch 1971; Armbruster and Webster 
1979; Armbruster 1984). The floral resins in Dalechampia are mixtures of oxygen- 
464 THE AMERICAN NATURALIST 
ated triterpenes. Inboth Dalechampia and Clusia the floral resins are waterproof, 
slow to harden, and produced on a regular, predictable basis. For these reasons, 
floral resins are probably valuable resources for the hundreds of species of tropi- 
cal bees that use resin in nest construction (Michener 1974, 1979; Jayasingh and 
Freeman 1980; Cane et al. 1983; Roubik 1983, 1989; Armbruster 1984; Howard 
1985; Messer 1985). 
Evolution of Pollination Systems in Dalechampia 
The unisexual flowers of Dalechampia are united into functionally bisexual, 
pseudanthial (blossom) inflorescences (Webster and Webster 1972). Associated 
with the staminate flowers in most species is a glandlike structure. In all but a few 
species the gland secretes a resinous mixture of oxygenated triterpenes. Cladistic 
analyses, based on morphological data not directly related to pollination, have 
been used to estimate the phylogeny of Dalechampia. Most of the phylogenetic 
topology is stable in the face of addition and removal of taxa and characters (see 
Armbruster 1993, figs. 4, 5) and therefore can probably be trusted (see Donoghue 
1983; Felsenstein 1985; Armbruster 1992). By mapping the known pollination 
systems of Dalechampia species onto the phylogenetic tree, it has been possible 
to estimate the evolutionary history of the pollinator-reward system (Armbruster 
1993; see also Donoghue 1989). These results indicate that the most primitive 
species of Dalechampia lacked the large resin gland and were pollinated by pol- 
len-collecting or fragrance-collecting bees. Early in the evolution of the genus, 
resin became the pollinator eward. This event was followed by extensive radia- 
tion (Armbruster 1993). 
Herbivory on Dalechampia 
Neotropical Dalechampia species are host to several oligotrophic nymphalid 
lepidopteran herbivores including, in approximate order of abundance, Hama- 
dryas spp., Dynamine spp., Ectima spp., Catonephele spp., Myscelia spp., Biblis 
spp., and Mestra spp. (Armbruster 1983; Jenkins 1983, 1984, 1985a, 1985b; Arm- 
bruster and Mziray 1987; DeVries 1987; Otero 1988). Dynamine species tend to 
feed on staminate flowers, developing seeds, and other inflorescence parts, 
whereas members of the other genera usually feed on the leaves (Armbruster 
1982, 1983; DeVries 1987). Paleotropical Dalechampia are host to members of 
several other genera of oligotrophic nymphalid butterfly arvae, including Byblia 
spp. and Neptidopsis pp. (Armbruster and Mziray 1987; Armbruster 1994). An- 
other common specialist in the Neotropics is the euphorb flea beetle (Syphraea 
spp.; Coleoptera: Chrysomelidae: Alticinae). 
Other insects that commonly feed on Dalechampia species include leaf-mining 
and stem-boring buprestid beetles and various generalist orthopterans (esp. Tetti- 
goniidae; Armbruster 1983; Armbruster and Mziray 1987; H. Hespenheide, per- 
sonal communication). Another generalist herbivore that attacks both inflores- 
cences and leaves of some species is the leaf-cutting ant, Atta (Hymenoptera: 
Formicidae; W. S. Armbruster, unpublished ata). Because most species of Da- 
lechampia occur in habitats where Atta are abundant, these plants are likely to 
experience occasionally heavy defoliation by leaf-cutting ants. 
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Terpenoid Resin as a Defense Compound 
Most plant species that secrete terpenoid resins are thought o do so as a 
means of defending their vegetative structures from attack by herbivores and/or 
microorganisms. Conifers and trees in the Leguminosae and Burseraceae, for 
example, exude large amounts of terpenoid resin in response to wounds in their 
stems and trunks (Langenheim 1969). Some plants, such as Hymenaea and Co- 
paifera (Leguminosae), sequester in their leaves terpenoid resins that are effec- 
tive in deterring herbivores and microbes (Stubblebine and Langenheim 1977; 
Arrhenius and Langenheim 1983; Langenheim and Hall 1983; Langenheim and 
Stubblebine 1983; Langenheim et al. 1986; Feibert and Langenheim 1988; Macedo 
and Langenheim 1989). Terpenoid constituents of leaves of a variety of tropical 
plants reduce the acceptability of the leaves to Atta, a major generalist herbivore 
in the Neotropics (Hubbell et al. 1984) and often have negative effects on the 
ants' fungal mutualist (Chen et al. 1983; Howard 1987; Howard et al. 1988). 
CLADISTIC AND HISTORICAL HYPOTHESES 
The phylogenetic relationship among a taxonomically broad sample of 42 spe- 
cies of Dalechampia (about half the New World species) was estimated by con- 
ducting cladistic analysis on 54 morphological characters (see Armbruster 1993, 
1997 for methodological details and the species-by-character matrix). We then 
used MacClade 3.0 (Maddison and Maddison 1992) to map, under the assumption 
of parsimony, the following traits onto the phylogenetic tree: resin secretion by 
floral bractlets, pollination by resin-collecting bees, and resin secretion by leaves 
and stipules. To preserve independence of the two steps of the analysis (estima- 
tion and mapping), the mapped characters were not used in phylogeny estimation 
(see Armbruster 1992 for discussion). 
Figure 1 shows the strict consensus of the 968 maximally parsimonious phylo- 
genetic relationships among the Dalechampia species under study. From mapping 
ecological traits onto the tree (using the parsimony criterion), we hypothesized 
that resin secretion by floral bractlets originated prior to its role as a pollinator 
reward. To check the robustness of this hypothesis, we specified the alternative 
tree that allows pollination by resin-collecting bees to originate simultaneously 
with resin secretion, using the topological constraint option in PAUP (Swofford 
1993). The shortest ree under this constraint was six steps (4.1%) longer, indicat- 
ing support for our phylogenetic hypothesis. It also required two to three extra 
steps (200%-300% increase) in mapping pollination traits to achieve simultaneous 
origin of resin secretion and pollination by resin-collecting bees. 
Thus resin may have initially played no role in pollination but, instead, func- 
tioned to defend staminate flowers from attack by florivorous insects. This hy- 
pothesis is also supported by blossom morphology. In the most primitive Dale- 
champia species, the resiniferous bractlets are dispersed throughout he 
staminate inflorescence and cover the staminate floral buds. Only in more ad- 
vanced species pollinated by resin-collecting bees are the homologous bractlets 
aggregated into a gland to facilitate resin collected by pollinators (fig. 2). 
t _ r l | | | a, | ~~~~RESIN SECR. STAMINATE BRACTLETS 
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FIG. 1.-Tree showing consensus of 968 most parsimonious phylogenetic relationships 
among 42 Neotropical species of Dalechampia and three candidate sister taxa: Tragia spp., 
Plukenetia subgenus Cylindrophora spp., and Plukenetia subgenus "Euplukenetia" spp. (see 
Armbruster 1993 for details). The shading indicates the most parsimonious mapping of resin 
secretion by floral bractlets; the straight slash mark indicates the inferred origin of pollination 
by resin-collecting bees; and the wavy slash mark indicates the inferred origin of resin- 
secreting leaf and stipule glands. The paraphyletic section, Rhopalostylis, includes all Da- 
lechampia below the straight slash mark. 
A B 
FIG. 2.-Arrangement of resiniferous bracelets. Circles, staminate flower; curved lines, 
resiniferous bractlet. A, Primitive Dalechampia not pollinated by resin-collecting bees (e.g., 
D. fragrans); resin has a presumed efense function and is diffusely deployed. B, More 
advanced Dalechampia pollinated by resin-collecting bees (e.g., D. websteri); resin acts as 
a pollinator reward and is presented by a unified gland, formed by an aggregation ofresinifer- 
ous bractlets. 
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The last twist in this historical scenario is the evolution of resin secretion by 
vegetative structures. One small advanced clade secretes resin at the margins of 
stipules and leaves (fig. 1), indicating a recent resumption of the defense function 
of terpenoid resin, perhaps to decrease attack by the nearly ubiquitous pecialist 
folivore, Hamadryas, and/or equally ubiquitous leaf-cutting ants. 
This historical reconstruction was used to generate two predictions. First, if 
floral reward resins are derived from floral defense resins, they should be chemi- 
cally similar to floral defense resins and should still inhibit feeding and/or growth 
of insect herbivores. Second, if foliar esins evolved for leaf defense by modifica- 
tion of the resin-reward system, they should be chemically similar to reward 
resins and should inhibit growth and/or feeding of insect herbivores. Tests of 
these predictions are presented below. 
EXPERIMENTAL METHODS 
Study Sites and Choice of Assay Material 
The bioassays were conducted in the Gamboa Laboratory facility of the Smith- 
sonian Tropical Research Institute, Balboa, Panama, and in the lab facilities at 
the Biology Department, University of New Orleans (Atta trials on Viburnum). 
Plant materials and insects were collected in Parque Nacional Soberania, along 
Pipeline Road, near Gamboa. 
To achieve a strong test of the prediction that Dalechampia resin has antiherbi- 
vore properties, we conducted a variety of choice tests and growth trials on a 
taxonomically broad sample of herbivore species. These included two generalists, 
Orophus tesselatus (Orthoptera: Tettigoniidae) and Atta colombica (Hymenop- 
tera: Formicidae) and four euphorb specialists, Syphraea sp. (Coleoptera: Chrys- 
omelidae: Alticinae), Ectima rectifasciata, Hamadryas ipthime, and Hamadryas 
amphinome (Lepidoptera: Nymphalidae). 
For choice and growth trials we used leaves from the two commonest species of 
Dalechampia along Pipeline Road: Dalechampia heteromorpha nd Dalechampia 
tiliifolia (app. A). These are both advanced species that offer esin rewards in 
their blossoms but lack resin secretion from their leaves. Resin used in the experi- 
ments was collected from the floral glands of three species with copious resin 
secretion: Dalechampia dioscoreifolia and D. tiliifoila (both growing along Pipe- 
line Road) and Dalechampia armbrusteri cultivated in a greenhouse in Fairbanks, 
Alaska (original stock collected near Itabuna, Bahia, Brazil). All three are polli- 
nated by resin-collecting bees. Dalechampia tiliifolia nd D. armbrusteri are ad- 
vanced species and fairly closely related, whereas D. dioscoreifolia s a derived 
species in a distant clade. We also collected resin from secretary glands on vege- 
tative parts, primarily stipules and leaves, of the advanced species Dalechampia 
stipulacea (in the same clade as D. armbrusteri), cultivated in a greenhouse in 
Fairbanks (original stock was collected near Campinas, Sao Paulo, Brazil; app. A). 
Chemical Methods 
Twenty grams of floral glands from greenhouse-cultivated D. armbrusteri were 
extracted with diethyl ether by soaking for 12 h. The plant material was removed, 
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and the ether was decolorized with activated cabon, dried with anhydrous magne- 
sium sulfate, and flash evaporated to yield 0.55 g of residue (2.75%). The residue 
was then flash chromatographed (Still et al. 1978) using silica gel (40 pLm) as 
absorbent and methylene chloride/acetone (99.5: 0.5) as the eluting solvent. Two 
fractions were isolated. The first eluted fraction (0.33 g) contained primarily four 
triterpene ketones, which were later identified using nuclear magnetic resonance 
(NMR) (table 1). The second fraction (0.22 g) contained two major triterpene 
alcohols. The ketone and alcohol fractions were used in bioassays. 
Stipules were cut from whole vines of greenhouse-cultivated D. stipulacea and 
subsequently extracted and chromatographed according to the above scheme to 
yield two fractions. The first fraction was determined by gas chromatography/ 
mass spectrometry tobe composed primarily of mono- and sesquiterpenes. The 
second fraction was found to contain several triterpene alcohols (table 1). These 
two fractions were used in bioassays. 
Crude floral resin was collected from fresh field-collected floral material for 
use in additional bioassays. Resin was scraped off floral glands using forceps and 
dissolved in methylene chloride (CH2Cl2; Dalechampia scandens, D. tiliifolia) or 
diethyl ether (D. dioscoreifolia). 
Identification ofthe small amounts of floral resins secreted by the primitive 
species, Dalechampia heterobractea and Dalechampia attenuistylus, was not 
possible with NMR; we instead matched mass spectra produced by integrated 
gas chromatography/mass spectrometry. 
Statistical Analyses 
All proportional data were arcsine square-root ransformed prior to analysis. 
A variety of one-way factorial, two-way factorial, and randomized-block analyses 
of variance were performed using methods described in Sokal and Rohlf (1981) 
and Neter et al. (1985). Post hoc multiple comparison tests followed the Tukey 
HSD procedure. Feeding choice trials were analyzed with the paired-sample t-test 
(Sokal and Rohlf 1981). The SYSTAT package (Wilkinson 1988) was used for 
most computations. 
Feeding Choice Trials with 0. tesselatus 
For each trial 10 leaves of D. heteromorpha were collected from about five 
plants and randomized. The terminal half of the right and left leaflets (the leaves 
are ternate) were cut off to be used in paired-choice trials. One leaflet piece from 
a leaf was used for the control treatment and the other was used for the resin 
treatment, ina randomized block design, with each individual leaf-nymph combi- 
nation as a block. The resin was applied as a solution in methylene chloride to 
achieve 2% resin/leaf fresh weight (resin weights of fresh D. stipulacea leaves 
vary between 2% and 10%). The same procedure was followed on control eaves 
except that the methylene chloride solution lacked resin. Four test solutions were 
used (app. A). 
The matched treatment and control leaflets were placed in 150-mL plastic vials 
with plaster-of-paris bottoms, each leaflet leaning against opposite walls of the 
vial. In each vial, we placed a second-to-fourth-instar Orophus nymph that was 
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already acclimated to feeding on D. heteromorpha leaves. Feeding trials lasted 
40-53 h, generally until about half of at least one leaf had been eaten. 
The amount of leaf eaten was determined by comparing posttrial leaf-outline 
traces with pretrial leaf-outline traces. The paper tracings were weighed to obtain 
percentages consumed. 
Tests on A. colombica 
Several crude resins and resin fractions were tested for behaviorally repellent 
or deterrent activity toward leaf-cutter ants in "pickup" tests (Howard 1987). 
Resin was dissolved in diethyl ether or methylene chloride and coated onto small, 
steel-cut wheat flakes to yield a concentration of 1%-2% by weight. Control 
flakes were prepared by briefly soaking in solvent. Six ant colonies in Parque 
Nacional Soberanfa were tested by simultaneously placing single test and control 
flakes on trails and replacing them as they were harvested. Flakes were offered 
for 15 min, and the average number of test and control flakes harvested per 
minute was calculated for statistical analysis. 
The effect of Dalechampia resin on Atta cutting performance was evaluated in 
two ways. We used field "cutting" bioassays (Howard et al. 1988) to study the 
effect of applying a thin, even coat of resin to the leaf surfaces. Dalechampia 
tilifolia leaves were traced and rinsed with methylene chloride to remove nonpo- 
lar secretions. An aliquot of resin equal to 2% of fresh weight was applied to half 
the leaves. Controls were prepared by applying solvent alone. Leaf petioles were 
inserted into water-filled vials, and leaves were placed by the side of active ant 
trails. Four ant colonies were presented with three control and three test leaves 
for 2 h, after which leaves and discarded fragments were recovered. The amount 
harvested from each leaf was estimated by comparing the mass of leaf tracings 
before and after each experiment. 
Resin is secreted as droplets on margins of leaves and stipules of some Dalech- 
ampia species. We asked how resin deployment in droplets affects cutting perfor- 
mance in a second set of experiments conducted at the University of New Or- 
leans. Laboratory colonies of A. colombica excavated from the vicinity of Parque 
Nacional Soberania were permitted to forage on familiar food, Viburnum rufidu- 
lum leaves, to the margins of which droplets of D. tilifolia floral resin had been 
applied. Control eaves were prepared by applying small droplets of ether to 
the margins. We observed and recorded the activity of individual worker ants 
continuously from the time they encountered the leaves until they left. 
Toxicity of several resin constituents (app. A) to leaf-cutter ant workers was 
investigated by measuring survivorship on artificial diets with and without resin. 
Experiments were conducted in an un-air-conditioned laboratory in Panama. 
Workers from a single colony in Parque Nacional Soberania were randomly as- 
signed to 100 x 15 mm petri dishes (n = 5 per dish) and 10 petri dishes randomly 
assigned to each treatment. Ants were fed a liquid diet (Boyd and Martin 1975) 
in a small dish containing a 4.25-cm glass fiber disk. Resin constituents in400 [IL 
of diethyl ether solvent were applied to disks; control treatment was 400 [IL of 
solvent alone. Each day the diet and disks were changed, and the number of ants 
remaining alive was recorded. 
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Feeding Choice Trials with Syphraea sp. 
The identical procedure was followed for the Syphraea feeding choice trials as 
was used in the Orophus feeding choice trials, except that the resin was applied 
as droplets of a concentrated viscous solution, and D. tiliifolia leaves were used 
(the beetles were originally collected on D. tiliifolia). The resin used in the test 
solution was crude extract of D. tiliifolia floral glands. Twelve beetle-leaf combi- 
nations (one per chamber) were used. 
Feeding Choice Trials with H. ipthime 
The identical procedure was followed for the Hamadryas feeding choice trials 
as was used in the Orophus feeding choice trials, except that D. tiliifolia leaves 
were used. The resin used in the test solution was crude extract (containing both 
triterpene alcohols and ketones) of D. scandens floral glands. 
Growth Trials with E. rectifasciata 
Growth trials were conducted as randomized block designs using leaves of D. 
tiliifolia, following eneral procedures outlined in Ayres and MacLean (1987). 
Each leaf was cut into four sections and systematically assigned to treatment and 
control; right and left lobes were used for treatments, the center lobe was used 
for the control, and the basal portion was used as the matched control to estimate 
water content. Treatment compounds were diluted in methylene chloride and 
applied to the leaf pieces to achieve a 2% resin: wet-weight application. 
Ectima eggs were collected from leaves of D. heteromorpha, D. dioscoreifolia, 
and D. scandens along Pipelene Road, Parque Nacional Soberania. The eggs 
were laid singly and came from several to many families. Larvae were reared at 
room temperature on D. tiliifolia nd D. heteromorpha leaves until they had 
grown to the fourth instar. Each was weighed just before the trial. 
Treatment and control eaves and larvae were placed in 150-mL vials with 
moistened plaster bottoms. Vials were placed in an un-air-conditioned lab in 
Gamboa for the duration of the growth trial (ca. 24 h). The length of the trial was 
the maximum possible without he larva running out of food or beginning to molt. 
At the end of the trial the larvae were reweighed. Frass and leaves were col- 
lected, oven dried, and weighed. Sample larvae were also weighed and then oven 
dried and reweighed to determine dry- to wet-weight ratios. 
Initial dry weights of trial leaves were estimated from the dry- to wet-weight 
ratios of the corresponding matched control for each leaf. However, we later 
found that water content varied among leaf sections, so we estimated the average 
differences and used these values to correct he estimated initial dry weight of 
the experimental leaves. 
Two separate trials were run. In one trial, the performance of larvae on 
triterpene alcohols versus mono- and sesquiterpene precursors (both from D. 
stipulacea stipules) versus the control was compared. In the second trial, the 
performance oflarvae on triterpene alcohols versus triterpene ketones (from floral 
resin of D. armbrusteri) versus the control was compared. 
The relative growth rate (RGR), relative consumption rate (RCR), and effi- 
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ciency of conversion of ingested material (ECI) were calculated according to the 
formulas in appendix B. 
Growth Trials with H. amphinome 
The procedures described above for Ectima were used in the Hamadryas 
growth trials, except that eggs were collected from and all larvae were reared on 
leaves of D. tiliiolia. Also, experimental leaves were divided into six sections 
and randomly assigned to treatments, and all larvae (which in this species hatch 
synchronously from large clutches) were begun simultaneously for each trial. 
Each trial was conducted on one maternal half-sib family. 
Three separate trials were run. In two trials the performance of two families 
of fourth-instar l vae was evaluated. In a third trial the performance of third- 
instar larvae from a third family was evaluated (app. A). The values for RGR, 
RCR, and ECI were calculated as for Ectima. 
EXPERIMENTAL RESULTS 
Chemical Analyses 
The bractlets ubtending the staminate flowers in most species of the basal, 
paraphyletic section Rhopalostylis ecrete small droplets of resin (fig. 1). The 
resins secreted by two members of this section, Dalechampia heterobractea and 
Dalecahmpia attenuistylus, are chemically similar to the floral resin of most ad- 
vanced species (table 1). However, the resin secreted by the bractlets of the 
staminate inflorescence of species in section Rhopalostylis plays no role in polli- 
nation, because these species are pollinated by fragrance- or pollen-collecting 
bees (Armbruster tal. 1992; Armbruster 1993). 
The leaf blades and stipules of D. stipulacea and its close relatives secrete 
resin in small droplets from tentacular processes along the margins. This foliar 
resin comprises the same basic mixture of compounds as the floral resin of ad- 
vanced species, except that the ketone constituents are minor or absent (table 
1). The chemical similarity of floral "defense" resins, floral reward resins, and 
foliar defense resins is consistent with our predictions. 
Tests with Generalists 
Feeding choice trials with Orophus tesselatus.-Orophus nymphs ate an aver- 
age of 21.0% of the leaves treated with the triterpene alcohol mixture xtracted 
from the leaves and stipules of D. stipulacea versus 43.6% of the control eaves; 
this difference was significant (t = 3.13, df = 9, P = .012). The nymphs ate an 
average of 28.3% of the leaves treated with the triterpene ketones from the floral 
resin of Dalechampia armbrusteri versus 42.4% of the controls; this difference 
was also significant (t = 3.24, df = 8, P = .012). Orophus nymphs ate an average 
of 28.6% of the leaves treated with the triterpene alcohols from the floral resin 
of D. armbrusteri versus 31.5% of the controls; this difference was not significant 
(t = 1.51, df = 9, P = .165). The nymphs ate an average of 33.1% of the leaves 
treated with the crude extract from Dalechampia tiliifolia floral resin glands (a 
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TABLE 2 
MEAN RATES OF PICKUP OF RESIN-TREATED WHEAT FLAKES BY ATTA WORKERS FROM SEVEN COLONIES 
ALONG PIPELINE ROAD, PARQUE NACIONAL SOBERANiA, PANAMA 
Treatment Rate F (df) P 
Floral triterpene alcohols (from 
Dalechampia armbrusteri) .49 49.7 (1, 5) .001 
Control 1 .87 
Floral triterpene ketones (from D. arm- 
brusteri) .49 81.5 (1, 5) <.001 
Control 2 .92 
Floral triterpene mixture (from 
Dalechampia dioscoreifolia) .77 11.4 (1, 9) .008 
Control 3 1.16 
Foliar triterpene alcohols (from 
Dalechampia stipulacea) .25 51.2 (1, 5) .001 
Control 4 .92 
Foliar mono- and sesquiterpenes (from 
D. stipulacea) .54 31.1 (1, 5) .003 
Control 5 .82 
Crude floral resin (from 
Dalechampia tiliifolia) .45 25.0 (1, 5) .004 
Control 6 .56 
NOTE.-Controls are paired with each treatment. Rates are in number of flakes picked up per 
minute. F and P values refer to test for significance of treatment effect with effect of colony estimated 
and removed (randomized-block ANOVA). 
mixture of triterpene ketones and alcohols) versus 49.2% of the controls; this 
difference was significant (t = 2.70, df = 8, P = .027). A weak pattern of 
reduced feeding inhibition in later instars was observed (M. Matsuki and W. S. 
Armbruster, unpublished ata); this indicates that the inhibitory effect of resin 
may be primarily mechanical (larger instars are stronger and less affected by the 
stickiness of the resin). 
Atta pickup and toxicity trials.-All resin components and mixtures showed 
some inhibitory effect on Atta collection of wheat-flake baits. Bait pickup was 
decreased to 27% of the control rate by the D. stipulacea foliar triterpene alcohol 
and to 80% of the control rate by the D. tiliifolia floral resin. The inhibitory 
activity of D. stipulacea foliar mono- and sesquiterpenes, D. armbrusteri floral 
resins, and Dalechampia dioscoreifolia floral resins were somewhere between 
the above values (table 2). The inhibitory effects were all highly significant (P < 
.008 in all cases; table 2). 
There were no significant effects of Dalechampia resin on ant survivorship at
any concentration tested. Dalechampia tiliifolia floral resins at concentrations up 
to 1 mg/g, D. dioscoreifolia floral resin up to 0.1 mg/g, and D. stipulacea foliar 
resin up to 0.1 mg/g produced no significant differences insurvivorship compared 
with controls. 
Atta cutting trials. -Atta in the field cut a mean of 9.1% of control D. tiliifolia 
leaves and a mean of 11.7% of the resin film-treated leaves. Although colony 
had a significant effect on proportion of leaves cut (F = 21.5, df = 1, 21, P < 
.001), coating the leaves with resin did not (F = 0.13, df = 1, 21, P = .72). 
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In the laboratory, the presence of resin droplets did not discourage ants from 
investigating leaves and biting their edges. In fact, ants encountering resin-treated 
leaves were significantly more likely to explore the leaves by biting than were 
ants encountering control eaves (49 out of 124 vs. 35 out of 131; Pearson x2 = 
4.72, df = 1, P = .03). Ants encountering resin-treated leaves ran a significant 
risk of becoming mired in a resin droplet. Approximately 28% (35 out of 124) of 
all ants investigating resin-treated leaves became stuck in resin for at least a few 
seconds. One ant was unable to free itself during 2 h of observation and would 
presumably have died under natural conditions. 
A similar proportion of ants encountering both resin-treated and control eaves 
attempted to cut pieces (18 out of 131 vs. 16 out of 124). However, ants cutting 
resin-treated leaves were significantly less likely to finish the cut than ants cutting 
control leaves (seven out of 16 vs. 14 out of 18; X2 = 4.15, df = 1, P = .042). Ants 
encountering resin droplets typically stopped cutting and groomed themselves. A 
majority of these ants (nine out of 16) did not resume cutting (vs. 14 out of 18 
completing cuts on control eaves). After cutting resin-treated leaves, ants had 
great difficulty in raising and carrying leaf pieces because resin caused leaf pieces 
to adhere to their mandibles and antennae or to other objects. Overall, ants 
attempting tocut pieces from resin-treated leaves were significantly less success- 
ful at cutting and carrying off leaf pieces than were ants encountering control 
leaves (only two out of 16 vs. 14 out of 18; x2 = 14.49, df =1, P < .001). 
These observations indicate that the inhibitory effect on ants of resin deployed 
in droplets is primarily a mechanical one. 
Tests with Specialists 
Syphraea feeding choice trials.-Syphraea beetles (adults) consumed an aver- 
age of 1.21% (SE = 2.43%) of D. tiliifolia leaves treated with droplets of crude 
D. tiliifolia floral resin. The beetles consumed an average of 10.87% (SE = 7.51%) 
of the control eaves. This difference was highly significant (ANOVA; F = 16.46, 
df = 1, 11, P = .001). 
Hamadryas ipthime feeding choice trials.-Hamadryas ipthime larvae con- 
sumed a mean of 22% of the D. tiliifolia leaves coated with the crude floral resin 
from blossoms of D. scandens (n = 10), and a mean of 58% of the control eaves 
(n = 10). The ANOVA showed both the block (leaf-larva combination) and the 
treatment effects to be significant (F = 3.99, df = 9, 9, P = .026, and F = 13.76, 
df = 1, 9, P -- .005, respectively). 
Ectima rectifascia growth trials. -In the first growth trial, relative consumption 
rate (RCR) was significantly depressed by the application of triterpene alcohol and 
mono/sesquiterpene mixtures from D. stipulacea foliage (table 3). The ANOVA 
indicated significant reatment (F = 36.90, df = 2, 18, P < .0001) and block 
effects (F = 3.20, df = 9, 18, P = .017). A multiple comparison test showed 
that the mean RCRs of both triterpene alcohol and mono/sesquiterpene treat- 
ments were significantly lower than the mean of the control (P = .0001, and P 
= .0002, respectively) but not different from each other (P = .44). The relative 
growth rate (RGR) showed a similar depression by the resin treatment. While 
ANOVA indicated no significant block (leaf-larva) effect (F = 1.17, df = 9, 18, 
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TABLE 3 
MEAN VALUES (+ SE) IN mg/mg/d FOR RELATIVE CONSUMPTION RATE (RCR), RELATIVE GROWTH 
RATE (RGR), AND EFFICIENCY OF CONVERSION OF INGESTED MATTER (ECI) IN Two GROWTH 
TRIALS WITH FOURTH-INSTAR ECTJMA RECTIFASCIA ON DALECHAMPIA LEAVES TO WHICH 
VARIOUS COMPOUNDS WERE ADDED 
COMPOUND ADDED 
DALECHAMPIA DALECHAMPIA 
STIPULACEA FOLIAR ARMBRUSTERI FLORAL 
Triterpene Mono/ Triterpene Triterpene 
Alcohol sesquiterpene Alcohol Ketone CONTROL 
Trial 1: 
RCR - .002a 494a . .. . 3.19 
(.466) (.389) (.212) 
RGR .239a .335a . . . ... .746' 
(.050) (.051) (.020) 
ECI . . . .678 . .. . .. .234 
Trial 2: 
RCR ... ..1l.72a 1.13a 4.49' 
(.378) (.548) (.446) 
RGR . . . . .. .259a .187a .653' 
(.074) (.086) (.090) 
ECI ... ... .150 .165 .145 
NOTE.-Values with different letters in each row are significantly different from one another at 
P < .001 (all of trial 1 and trial 2 RCR) and P < .05 (trial 2 RGR) (Tukey's HSD multiple comparison 
test). 
P = .366), there was a highly significant treatment effect (F = 42.08, df = 2, 
18, P < .0001). A multiple comparison test showed that the mean RGRs of both 
triterpene alcohol and mono/sesquiterpene treatments were significantly ower 
than the mean of the control (P = .0001, P = .0002, respectively) but not different 
from each other (P = .26). The decreased RGR in the treatments appears to be 
primarily caused by RCR, because the mean efficiency of conversion of ingested 
material (ECI) was actually higher in the mono/sesquiterpene treatment than in 
the control (table 3). 
In a second growth trial with Ectima, using tritepene alcohols and ketones from 
blossoms of D. armbrusteri, we found that the mean RCR of fourth-instar l vae 
was significantly lower on treatment than control eaves (table 3). The ANOVA 
indicated a significant reatment effect (F = 14.73, df = 2, 13, P = .0005) but 
no block effect (F = 1.55, df = 9, 13, P = .23). A multiple comparison test 
showed that the mean RCRs of both resin alcohol and ketone treatments were 
significantly lower than the mean of the control (P = .003, P = .0006, respec- 
tively) but not different than each other (P = .53). The mean RGR showed a 
similar pattern. The ANOVA indicated a significant treatment effect (F = 6.91, 
df = 2, 13, P = .009) but no block effect (F = 1.27, df = 9, 13, P = .34). A 
multiple comparison test showed that the mean RGRs of both resin alcohol and 
ketone treatments were significantly lower than the mean of the control (P = 
.03, and P = .009, respectively) but not different than each other (P = .76). 
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TABLE 4 
ANOVA OF RELATIVE CONSUMPTION RATE (RCR) AND RELATIVE GROWTH RATE (RGR) FOR ALL 
HAMADRYAS GROWTH TRIALS 
Sums Mean 
Source of Squares df Square F P 
RCR: 
Treatment 58.20 4 14.55 24.65 <.0001 
Family 21.15 2 10.57 17.91 <.0001 
Treatment x family 28.33 8 3.54 6.00 <.0001 
Error 63.74 108 .032 
RGR: 
Treatment 1.577 4 .394 12.25 <.0001 
Family 2.251 2 1.125 34.95 <.0001 
Treatment x family .958 8 .120 3.72 .0007 
Error 3.478 108 .032 
NOTE. -Treatments are explained in table 5. 
The decreased RGR in the treatments again appeared to be caused primarily by 
decreased RCR, because the mean ECIs were slightly higher in the triterpene 
alcohol and ketone treatments han in the control (table 3). 
Hamadryas amphinome growth trials.-Three growth trials were conducted on 
H. amphinome. In all three trials larvae were fed leaves subjected to the same 
combination of treatments (app. A). The trials were initially analyzed in a single 
ANOVA. There were significant treatment, family, and instar effects, as well as 
significant treatment-family andtreatment-instar interactions for both RGR and 
RCR (table 4). The significant interaction terms indicated that each trial should 
be analyzed and interpreted separately. 
Fourth-instar H. amphinome larvae were used in the first rial. ANOVA indi- 
cated a significant reatment effect on RCR (F = 13.27, df = 4, 35, P < .0001) 
but no significant block effect (F = 1.74, df = 9, 35, P = .12). A multiple 
comparison test showed that means of foliar and floral resin alcohol treatments 
were significantly lower than means of the control. Means of the mono/sesquiter- 
pene and floral resin ketone treatments were not significantly different from the 
control (table 5). A similar pattern was seen in RGR. ANOVA indicated signifi- 
cant treatment and significant block effects (F = 8.06, df = 4, 35, P = .0001; 
F = 4.59, df = 9, 35, P = .0005, respectively). A multiple comparison test 
showed that the means of foliar and floral resin alcohol treatments were signifi- 
cantly lower than the means of the control. The means of the mono/sesquiterpene 
and floral resin ketone treatments, however, were not significantly different from 
the control (table 5). The decreased RGR in the treatments appears to be primarily 
caused by decreased RCR, because the mean ECIs were higher in the resin 
treatments han in the control (table 5). 
Third-instar H. amphinome larvae were used in the second trial. ANOVA 
indicated a significant treatment effect on the RCR (F = 13.97, df = 4, 29, P < 
.0001) but no block effect (F = 1.53, df = 5, 20, P = .22). A multiple comparison 
test showed that means of foliar resin treatments were significantly lower than 
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TABLE 5 
MEAN VALUES (? SE) IN mg/mg/d FOR RELATIVE CONSUMPTION RATE (RCR), RELATIVE GROWTH 
RATE (RGR), AND EFFICIENCY OF CONVERSION OF INGESTED MATTER (ECI) IN THREE GROWTH TRIALS 
WITH THIRD- OR FOURTH-INSTAR HAMADRYAS AMPHINOME ON DALECHAMPIA LEAVES 
TO WHICH VARIOUS COMPOUNDS WERE ADDED 
COMPOUND ADDED 
DALECHAMPIA DALECHAMPIA 
STIPULACEA FOLIAR ARMBRUSTERI FLORAL 
Triterpene Mono/ Triterpene Triterpene 
Alcohol sesquiterpene Alcohol Ketone CONTROL 
Trial 1 (family 1, 
fourth instar): 
RCR .823a 2.1701 1.062a 2.3331 2.600' 
(.310) (.227) (.203) (.150) (.212) 
RGR .568a .706b .592a .784b .830b 
(.042) (.056) (.053) (.040) (.058) 
ECI .702 .325 .558 .336 .319 
Trial 2 (family 2, 
third instar): 
RCR 1.086a 2.014al 3.842c 2.966& 4.236c 
(.533) (.542) (.144) (.176) (.190) 
RGR .687a .726a 1.073b .gg1b 1.1631 
(.092) (.085) (.031) (.030) (.046) 
ECI .663 .360 .279 .334 .274 
Trial 3 (family 3, 
fourth instar): 
RCR 1.579a 1.639a 1.709a 1.7OOa 3.2141 
(.318) (.266) (.232) (.192) (.151) 
RGR .549a5 .533a .518a .422a .843' 
(.076) (.063) (.046) (.112) (.062) 
ECI .347 .325 .303 .248 .262 
NOTE.-Values with different letters in each row are significantly different from one another at 
P < .001 (trial 3 RCR), P < .01 (trial 1 RCR and RGR, trial 2 RCR), and P < .05 (trial 2 RGR and 
trial 3 RGR) (Tukey's HSD multiple comparison test). 
means of the control and, with one exception, floral resin treatments. The means 
of the floral resin treatments were not significantly different from the control 
(table 5). A similar pattern was seen in RGR. ANOVA indicated a significant 
treatment effect (F = 14.25, df = 4, 20, P < .0001) but no significant block effect 
(F = 2.29, df = 5, 20, P = .08). A multiple comparison test showed that means 
of foliar resin treatments were significantly lower than means of the control and 
floral resin treatments. The means of the floral resin treatments were not signifi- 
cantly different from the control (table 5). The decreased RGR in the treatments 
appears to be primarily caused by decreased RCR because the mean ECIs were 
higher in the resin treatments han in the control (table 5). 
Fourth-instar H. amphinome larvae were used in the third trial. ANOVA indi- 
cated significant treatment and block effects on RCR (F = 15.40, df = 4, 30, 
P < .0001; F = 3.60, df = 9, 30, P = .004, respectively). A multiple comparison 
test showed that the means of all resin treatments were significantly lower than 
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the mean of the control. The effects of the treatments did not differ significantly 
from one another (table 5). A similar pattern was seen in RGR. ANOVA indicated 
a significant reatment effect (F = 4.70, df = 4, 30, P = .005) but no block effect 
(F = 0.86, df = 9, 30, P = .57). A multiple comparison test showed that the 
means of all resin treatments were significantly, or almost significantly (P = .059 
for D. stipulacea tritepene alcohol), lower than the means of the control (table 
5). The decreased RGR in the treatments appears to be primarily caused by 
decreased RCR because the mean ECIs were higher in most of the resin treat- 
ments than in the control (table 5). 
DISCUSSION 
General Results 
Feeding choice trials with the tettigoniid ndicated that both floral and foliage 
resins generally deterred feeding. Similarly, both floral and foliage resins de- 
creased the pickup of bait by leaf-cutting ants. The field leaf-cutting trials with 
Atta showed no negative ffects of resin spread as a thin film on treatment leaves. 
However, laboratory tests with resin placed in droplets on leaves, much as it is 
deployed in nature, showed significant inhibition of Atta leaf cutting. 
All the effects described above could be the result of either biochemical activity 
or the mechanical effects of the sticky resin. The resin appeared, however, to 
have no biochemical activity (toxicity) in the Atta survival trials. The behavior 
of the ants in the two leaf-cutting trials indicated likely mechanical deterrence. 
Thus, the resin treatments had predominantly negative ffects on feeding by gen- 
eralist herbivores, and there is a strong indication that the effects were primarily 
mechanical. 
Similar effects were seen on specialist Dalechampia herbivores. Feeding by 
flea beetles was significantly inhibited by the floral resin deployed in droplets 
on Dalechampia tiliifolia leaves. Similarly, Hamadryas ipthime larvae preferred 
control over floral resin-treated leaves. Both of these results could be caused by 
either mechanical or biochemical repellent properties of the resin. 
Both specialists, Ectima rectifasciata and Hamadryas amphinome, showed 
reduced relative growth rates (RGRs) when fed Dalechampia leaves treated with 
floral or foliage resin. The effect may have been mechanical rather than biochemi- 
cal because the relative consumption rate was reduced as much as the RGR and 
because the mean efficiency of conversion of ingested material was about the 
same for insects fed treatment leaves and insects fed control eaves. 
Evolution of Plant-Insect Relationships in Dalechampia 
Floral reward resins were biochemically similar to nonreward (defense?) resins 
and had inhibitory effects on several generalist herbivores, including some of the 
most common florivores on Dalechampia. These observations are consistent with 
the idea that the resin originated as a floral defense and secondarily assumed a 
role as a reward for pollinators. Primitive Dalechampia species still secrete resin 
from floral bracts, apparently for defense. (They are pollinated by pollen- 
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collecting or fragrance-collecting bees, not resin-collecting bees; fig. 1 [Armbrus- 
ter et al. 1992; Armbruster 1993].) These resins are chemically similar to the floral 
reward resins on which we conducted the bioassays. In these primitive species, 
the resin is deployed on bractlets scattered throughout the staminate inflorescence 
(fig. 2), and male flowers in bud are covered by resiniferous bractlets. 
In contrast, species that use resin as a pollinator eward have evolved resin 
deployment in a localized globule that is easy for the bees to collect. This has 
been achieved by elaboration and aggregation of the resiniferous bractlets on the 
upper side of the staminate cymule and their loss elsewhere (fig. 2). This form of 
deployment appears to have improved the precision of match between flower and 
pollinator (Armbruster 1988, 1990), much as zygomorphy (bilateral symmetry) 
has over actinomorphy (radial symmetry) inother plant species (Faegri and van 
der Pijl 1971). In these species the staminate flowers are not covered by resinifer- 
ous bractlets when in bud and would be completely exposed to attack by flori- 
vores were it not for a "compensatory" defense system; involucral bracts in most 
of these more advanced species envelope both staminate and pistillate flowers at 
night (Armbruster and Mziray 1987; Armbruster 1997). 
The finding that foliage resins greatly inhibit feeding or leaf cutting by specialist 
and generalist folivores is consistent with the hypothesis that resin was deployed 
in leaves and stipules of a few highly advanced species of Dalechamnpia to reduce 
leaf loss to the voracious nymphalid butterfly arvae or leaf-cutter ants that proba- 
bly attack most Dalechampia species. The next step is to conduct field experi- 
ments with these plant species to see if they have escaped, to some extent, attack 
by specialist lepidopterans and leaf-cutter ants. 
CONCLUSIONS 
This study illustrates the value of generating explicit historical hypotheses from 
phylogenetic and ecological data and then testing these hypotheses with ecologi- 
cal experiments. This protocol yielded several unexpected insights. Chance and 
exaptation appear to have played major roles in the evolution of defense and 
reward systems. Especially important were biochemical preaptations. 
The resin reward system in Dalechampia appears to have originated as a de- 
fense and secondarily assumed its role in attracting pollinators. The physical 
properties of the floral defense resin mixture (liquid, sticky, and slow to harden) 
appear to have made it an effective deterrent against herbivorous insects. At the 
same time, being liquid, viscous, waterproof, and slow to harden allowed the 
resin mixture to be a valuable nest-building material (e.g., cement or sealant) for 
resin-collecting bees, which collect and use resin only when liquid (Armbruster 
1984; Roubik 1989). The evolution of resin defense of leaves was also apparently 
facilitated by the physical properties of the reward resin, the biochemical machin- 
ery for which was already in place in leaf cells. 
Thus it appears that in Dalechampia, at least, defensive traits have influenced, 
by exaptation, the evolution of plant-pollinator relationships. Pollination traits 
have similarly influenced the evolution of plant-herbivore elationships. 
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APPENDIX A 
TABLE Al 
SOURCES OF LEAVES AND RESINS USED IN BIOASSAYS ON DIFFERENT INSECT SPECIES 
Bioassay Species and 
Type of Trial Leaf Source Resin Source 
Orophus tesselatus: 
Feeding choice Dalechampia heteromorpha Dalechampia armbrusteri, floral al- 
cohols and ketones; Dalecham- 
pia tiliifolia, crude floral mix- 
ture; Dalechampia stipulacea, 
vegetative alcohols 
Atta colombica: 
Wheat-flake pickup ... D. armbrusteri, floral alcohols and 
ketones; D. tiliifolia, crude floral 
mixture; Dalechampia dioscorei- 
foila, crude floral mixture; D. sti- 
pulacea, vegetative alcohols and 
mono/sesquiterpene mixture 
Leaf cutting D. tiliifolia, Viburnum sp. D. tiliifolia, crude floral mixture 
Toxicity ... D. tiliifolia, crude floral mixture; 
D. dioscoreifolia, crude floral 
mixture; D. stipulacea, vegeta- 
tive mono/sesquiterpene mixture 
Syphraea sp. colombica: 
Feeding choice D. tiliifolia D. tiliifolia, crude floral mixture 
Ectima rectifasciata: 
Growth rate D. heteromorpha D. armbrusteri, floral alcohols and 
ketones; D. stipulacea, vegeta- 
tive alcohols and mono/sesquiter- 
pene mixture 
Hamadryas ipthime: 
Feeding choice D. tilifolia Dalechampia scandens, crude flo- 
ral mixture 
Hamadryas amphinome: 
Growth rate D. tiliifolia D. armbrusteri, floral alcohols and 
ketones; D. stipulacea, vegeta- 
tive alcohols and mono/sesquiter- 
pene mixture 
NOTE.-All bioassay compounds are triterpenes unless otherwise noted. 
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APPENDIX B 
FORMULAE USED FOR CALCULATION OF RELATIVE GROWTH RATE (RGR), RELATIVE CONSUMP- 
TION RATE (RCR), AND MEAN EFFICIENCY OF CONVERSION OF INGESTED MATTER (ECI) 
RGR = [ln(WfW) - ln(Wiw)]ITtot; 
RCR = C/(W * Ttt); 
and 
ECI = RGR/RCR, 
where 
WfW = final wet mass; 
WiW= initial wet mass; 
Ttot total elapsed time; 
C = Lid - Lfd; 
Lfd = final eaf dry mass; 
Lid = estimated initial leaf dry mass = (Cid * Liw)/Ciw; 
Cid = initial dry mass of the matched "control" (not used in feeding experiment); 
Liw= initial wet mass of the experimental eaf piece; 
C = wet mass of the "control" leaf piece; 
W = mean larval mass = (Wfd - Wid)/ln (Wfd/Wid); 
Wfd = final dry mass of the larva; and 
Wid = initial dry mass of the larva. 
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